1. Warmer weather caused by climate change poses increasingly grave threats to the 18 persistence of many species, but animals can modify behavior to mitigate at least some of 19 the threats posed by warmer temperatures. Identifying and characterizing how animals 20 behaviorally thermoregulate to avoid the negative consequences of acute heat will be 21 crucial for predicting animal responses to a warmer future. 22 2. We used a step-selection function to reveal whether moose (Alces alces), a species known 23 to be sensitive to heat, mitigate heat via reduced movement, increased visitation to shade, 24 or increased visitation to water on hot summer days in northeastern Minnesota, USA. 25 3. Moose reduced movement, sought shade, and traveled nearer to mixed forests and bogs 26 during periods of heat. Moose used shade far more than water to ameliorate heat, and the 27 most pronounced changes in behavior occurred between 15˚C and 20˚C. 28
thermal cover (e.g., dense canopy in conifer forests) during periods of high temperatures 87 (Demarchi & Bunnell, 1995; Melin et al., 2014; Schwab & Pitt, 1991; Street et al., 2016; van 88 Beest et al., 2012; but see Lowe, Patterson, & Schaefer, 2010). However, earlier studies have not 89 established the relative importance of multiple different heat amelioration strategies (e.g., 90 seeking shade vs. reducing movement vs. visiting water) or identified thresholds at which moose 91 behavioral thermoregulation alters habitat selection. 92
To evaluate how moose modify fine-scale habitat selection and movement patterns as 93 temperatures increase, we used an SSF to assess effects of temperature on movement and 94 resource selection. We examined empirical support for a single model consisting of temperature 95 and interactions with variables likely to be important for moose thermoregulation. This model 96 enabled us to test three hypotheses on how moose alter behavior to thermoregulate when it is hot: 97
(1) moose decrease movement rates to decrease metabolic heat production, (2) moose increase 98 use of shade to decrease heat gain from solar radiation, or (3) increase use of water to increase 99 locations would have exceeded the distance a moose could have moved in a 20-minute period, 133 assuming a maximum speed of 30-km/hour). Data used in this analysis include only locations 134 between May 1 and September 31-dates that coincide with average daily maximum 135 temperatures above the threshold believed to induce heat stress for moose (Renecker & Hudson, 136 1986 ). Location and activity data within 2 weeks of death or collar failure were censored from 137 our data, and only full months of data were used in analysis. One hundred fifty-three moose-138 months of 24 moose were used in final analysis. 139 140
Model Covariates 141
Because shade is difficult to directly calculate over large areas at fine scales and varies at 142 any given location on daily and annual cycles, we used canopy vegetation density as a proxy for 143 shade. Canopy vegetation density was estimated using airborne lidar data. Lidar is an active, 144 laser-based remote sensing technology that provides detailed information on topography and 145 vegetation structure (Davies & Asner, 2014; Vierling, Vierling, Gould, Martinuzzi, & Clawges, 146 2008). Lidar data were collected over our entire study area during leaf-off conditions in May 147 2011 as part of the Minnesota Elevation Mapping project (Minnesota Geospatial Information 148 Office). Lidar data were collected from a fixed wing airplane at an altitude of 2,000-2,300 m 149 above ground level using discrete-return laser scanning systems (ALS60, ALS70, or Optech 150 GEMINI). Side overlap was 25% with a scan angle of ± 20°. Nominal point spacing and pulse 151 density varied due to incomplete overlap of adjacent flight-lines. Average nominal pulse density 152 was 1 pulse/m 2 . We calculated height of discrete returns above ground by subtracting ground 153 elevation based on a lidar-derived Digital Elevation Model from the return elevation. Lidar data 8 met National Standard for Spatial Database Accuracy standards and had a vertical accuracy 155 RMSE of 5.0 cm and a horizontal accuracy of 1.16 m. 156
We estimated canopy vegetation density as the proportion of all returns that were ≥ 3 m 157 above ground. Lidar-derived canopy vegetation density estimates were summarized in a 30 x 30 158 m grid that aligned with National Land Cover Database (NLCD) raster data to ensure 159 consistency across data layers in GIS. We used FUSION software to create the lidar-derived 160 canopy vegetation density raster (McGaughey, 2016) . For the sake of simplicity, we hereafter 161 refer to canopy vegetation density as "shade". 162
Land cover types were determined using the 2011 National Land Cover Database 163 (NLCD) (Homer et al., 2015) . NLCD is a remotely sensed dataset of 16 land cover classes 164 created from Landsat Thematic Mapper with 30 m spatial resolution. We extracted 5 vegetation 165 cover types that may offer thermal refuge-woody wetland, hereafter called bog; emergent 166 herbaceous wetland, hereafter called marsh; open water; conifer forests; and mixed forests. Each 167 of these cover types offers different amounts of thermal refuge via different mechanisms (Table  168 1). Each cover type also offers different amounts of forage. Since moose primarily eat the leaves 169 of deciduous shrubs and saplings < 3 m tall during summer, forage quantity decreases as the 170 amount of shade and proportion of conifers increases. We calculated the distance of each pixel in 171 our study area from each of our chosen land cover types using ArcMap 10.4 (Esri, Redlands, 172 California, USA). 173
Temperature data used to define our study period were obtained from two weather 174 We used a step-selection function (SSF) to model moose resource selection and 182 movement behavior. For our SSF, we selected available points using a parameterized Weibull 183 distribution of step lengths and the observed distribution of turn angles of the animals in our data 184 set. We paired 20 available locations to each used location (i.e., 21 points per stratum). Our final 185 data set contained 311,521 steps taken by 24 moose. We used conditional logistic regression to 186 fit the SSF containing our variables of interest (listed in Table 1 ) and interactions between each 187 variable and ambient temperature. We included step length (i.e., distance between consecutive 
Results
temperature significantly altered movement rate and selection for shade, bog, and mixed forest. 219
We did not detect empirical support for interactions between temperature and distance to marsh, 220 temperature and distance to open water, or temperature and distance to conifer forest. Of these 221 variables with interaction terms whose 95% CIs overlapped zero, only the main effect for 222 distance to conifer forest was significant. Regardless of temperature, moose selected areas 223 further from conifer forest (RSS = 1.553; 95% CI = 1.133-2.130). The main effects for distance 224 to marsh and distance to open water were not significant. Moose neither selected nor avoided 225 areas near marsh or open water. 226
Moose decreased movement rates at hotter temperatures ( Fig. 2A ). Mean standardized 227 step length was below 0 m at all temperatures above 20˚C. In other words, the mean step length 228 at each temperature above 20˚C was below the overall mean step length (controlling for time of 229 day). At each standardized step length > 0 m (i.e., steps that were longer than average), the odds 230 of moose taking a step of that length was higher at 0˚C than at 15˚C, and higher at 15˚C than at 231 30˚C. At 0˚C, the odds that moose would move 100 m more than average in 20 minutes were 232 substantially higher (RSS = 1.074; 95% CI = 1.025-1.126) than at 15˚C (RSS = 0.849; 95% CI = 233 0.777-0.928), which were in turn substantially higher than at 30˚C (RSS = 0.672; 95% CI = 234 0.590-0.765). 235
Moose spent more time in shade at hotter temperatures ( Fig. 2B ). Relative selection 236 strength increased with increasing vegetative cover at 30˚C, while it decreased with increasing 237 vegetative cover at 0˚C and 15˚C, indicating that moose sought shade at high temperatures while 238 avoiding it at lower temperatures. At 0˚C, the odds that moose would move into a pixel with 239 75% vegetative cover were substantially lower (RSS = 0.265; 95% CI = 0.239-0.295) than at 240 15˚C (RSS = 0.640; 95% CI = 0.523-0.782), which were in turn substantially lower than at 30˚C 241 (RSS = 1.542; 95% CI = 1.148-2.073). 242
Despite avoiding bogs at colder temperatures, moose traveled closer to bogs at hotter 243 temperatures (Fig. 2C ). The odds that moose were far from bogs was higher at 0˚C (RSS = 12 1.407; 95% CI = 1.177-1.681 at 500 m) than at 15˚C (RSS = 0.818; 95% CI = 0.577-1.160 at 500 245 m), and higher at 15˚C than at 30˚C (RSS = 0.476; 95% CI = 0.283-0.800 at 500 m). 246
Moose selected for shorter distances to mixed forest when it was hot than when it was 247 cold (Fig. 2D ). The odds that moose were far from mixed forest was higher at 0˚C (RSS = 1.064; 248 95% CI = 0.888-1.274 at 500 m) than at 15˚C (RSS = 0.795; 95% CI = 0.560-1.127 at 500 m) or 249 30˚C (RSS = 0.594; 95% CI = 0.353-0.998 at 500 m), though odds did not significantly differ 250 between 15˚C and 30˚C. 251 
Effects of temporal scale on interactions 258
The interactions we found in our data diminish substantially if GPS locations are rarified so that 259 locations occur at longer intervals. If our 20-min GPS data are rarified to 1-hr, 2-hr, and 4-hr 260 intervals and used to fit the same SSF, interactions become progressively less biologically 261 meaningful ( Fig. A2 ). As the intervals increase, differences across temperatures for step length, 262 shade, and distance to bog become minimal. Differences across temperatures for distance to 263 mixed forest shrink, but more gradually. This pattern of weakening interactions as intervals 264 between GPS locations increase indicates that fine-scale data may be required to detect 265 behavioral mitigation strategies by moose using step-selection functions. 266 267 during hot periods. Moose reduced movement and increased use of shade, bogs, and mixed forest 270 at high heat, even while avoiding shade and bogs at cooler temperatures (Fig. 2) . This pattern 271 links previous findings of separate studies. First, moose prefer to forage in areas with low canopy 272 cover because canopy cover is generally inversely related to forage availability (Lone et al., The vegetation cover types used more by moose during warm weather further indicate 283 that moose face a tradeoff between foraging and thermoregulation during periods of heat. In 284 general, moose are more likely to find greater quantities of forage in cover types that do not 285 provide thermal cover, while cover types that provide thermal cover are less likely to provide 286 forage. For example, upland mixed forest has some available forage, but forage availability is 287 highest in this cover type in young forests with little canopy cover. Similarly, bogs in Minnesota Our analysis can directly inform management and conservation actions for wildlife. 315
Moose populations at the southern edge of their distribution (including our study area) have 316 undergone dramatic declines in the past decade. Our results suggest that in a warmer future 317 proximity to shade will strongly influence habitat suitability for moose in areas with abundant 318 forage due to timber harvest and other anthropogenic disturbance. Moose will likely benefit from 319 management action to explicitly promote maintenance of shade near large patches of forage. 320
Because moose prioritize shade over forage when it is hot, moose will likely not feed in large 321 forest openings on hot days (though moose may feed in unshaded forest openings at night 322 [Dussault et al., 2004] ). Moose will likely spend more time foraging in forest openings with 323 patches of canopy cover than in large homogeneous forest openings. For example, most of the 324 forage in large clearcuts may be inaccessible to moose during hot periods unless the clearcuts 325 contain "reserve patches", or interior islands or fingers of forest extending into the clearcut. 326
These reserve patches will likely be most helpful for moose if they consist of bog or mixed 327 forest. 328
Because we did not measure fitness or any proxy for it, it remains unclear how effective 329 these behavioral strategies will be at reducing population declines under climate change. Likewise, SSFs can characterize changes in movement behavior and habitat use in response to 355 differences in temperature. Similar analyses will be increasingly important on a warming planet, 356 and continued advances in animal tracking and remote sensing technologies will allow us to 357 study such behavior at finer scales and for many more species than have been studied in the past. 358
In conclusion, moose altered both movement and habitat selection to behaviorally 359 thermoregulate during hot periods by reducing movement rates and increasing use of shaded 360 vegetation cover types that they avoid at cooler temperatures. Moose did not regularly use water 361 sources that lack canopy cover to shed heat. Moose face a tradeoff between forage and thermal 362 cover at high temperatures and forego foraging in favor of seeking thermal cover. Behavior 363 changed at thresholds near (though somewhat above) previously documented heat stress into patterns of the opposite behavior at high temperatures (e.g., moose strongly avoid shade at 0˚C while strongly selecting for shade 582 at 30˚C). 583 Distance between a moose location and the location immediately prior; included in analyses to account for bias in the parametric distribution of step lengths used to characterize available points and to estimate how temperature affects movement rates Temp Temperature Temperature at the nearest NOAA weather station at the time of a location; included in analyses to estimate how temperature affects habitat use and movement rates 
